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INTRODUCTION 
In service inspeclions of French nuclear pressure water reactor (PWR) vessels are 
carried out automatically in complete immersion from the inside by means of ultrasonic 
focused probes working in the pulse-echo mode. Concern has been expressed about the 
capabilities of performing non destructive evaluation of Outer Surface Defects (OSD's), i.e., 
defects located in the vicinity of the outer surface, in nuclear PWR vessels. The OSD's are 
insonified by both a "direct" field that passes through the inner surface of the inspected 
component containing the defect and a "secondary" field reflected from its outer surface. 
Consequently, Bscan images containing the signature of such defects are complicated and 
their interpretation is a difficult task. 
Ultrasonic equivalent defect sizing model-based methods may be used to size an 
OSD in a material by obtaining a best-fit simple equivalent shape that matches the ultrasonic 
observed data. That kind of methods usually involves the solution of a nonlinear optimization 
problem, which can be ill-behaved and difficult to solve in practice. Morcover, they require 
the availability of defect classification information (i.e., if the defect is volumetric or planar, 
e.g. a crack or a lack of fusion), which generally may be as difficult to obtain as the defect 
parameters themselves. 
In a previous paper [1], we illustrated the application of a such a method for 
determining the geometrical parameters of equivalent crack-like OS D's from ultrasonic Bscan 
images. This method is based on an adapted version of the Mephisto simulator [2], that 
predicts ultrasonic synthetic data (Ascan signals, echodynamic curves and Bscan images) of 
ultrasonic examination of blocks containing different OSD's. Bscan images are treated as 
planar distributions of indications (i.e., sets of echoes obtained for different positions of the 
transducer but having the same physical origin). To avoid the ill-posed character of equivalent 
OSD's sizing problem, reduce operational requirements and take into account the limits of our 
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direct model, segmented Bscan images are used as concentrated representations of the useful 
information contained into original observed Bscan images. In our case, segmented Bscan 
images can be directly obtained from the envelope of the original Bscan images by a 
thresholding operation and spatial interpolation of the resulting points according to certain 
parameters of the control configuration [3]. The parameters of equivalent crack-like OSD's are 
then obtained by iterative minimization of a specific dissimilarity criterion measuring the 
degree of matching between the observed and synthetic (generated by Mephisto simulator) 
segmented Bscan images, viewed as two planar distributions of line segments. 
The major inconvenience of this method, as used to date, is that only a part of the 
useful information contained into the observed Bscan image is used for defect 
characterization. 
In this paper, our main objectives are to determine the type of an OSD and its 
geometrical parameters by means of a two-step inverse procedure using not only the 
information contained into segmented Bscan images but also the information contained into 
Ascan signals of the observed Bscan images. Under the hypothesis of a planar OSD, the first 
step of the inverse procedure intends to extract information for the quantitative 
characterization of the defect from segmented Bscan images. The results obtained at the first 
step allow to identify useful indications and to select some corresponding information-bearing 
Ascan signals of the observed Bscan image. The second one uses parameter estimation 
techniques in order to extract relevant characteristics on the type of OSD's from the selected 
Ascan signals. To this aim, it employs a parametric model associated to the echoes formation 
mechanism. We describe how the extracted characteristics may be used in order to verify the 
initial hypothesis on the planar nature of OSD's. 
EXPERIMENTAL CONFIGURATION AND PROBLEM POSITION 
Figure 1 shows the ultrasonic testing configuration used for detecting OSD's. The 
focused probe is placed at an angle (18.9°) such that OSD's are insonified by a mode 
converted 45° shear wave. By recording the echo~s as a function of time, the Ascan 
representation of the interaction of the incident ultrasonic signal with the eventual defects in a 
material may be obtained. The juxtaposition of the Ascan signals corresponding to a scanning 
line leads to a Bscan image containing the so-called defect signature. 
OSD's can be either planar or volumetric. The main features common to the Bscan 
images of a volumetric type defect and a planar type defect are mirror effects (due to 
reflections on the outer surface), direct echoes and corner effects. 
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Figure 1. Ultrasonic testing configuration used for detecting OSD's. 
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Let us consider, the case of a 8 mm high planar OSD located at 15 mm from the outer 
surface and that is perpendicular on it. The Bscan image will contain the mirror tip diffraction 
echoes (arriving at the probe after reflections on the outer surface), the direct tip diffraction 
echoes and the corner echoes. It may also contain some echoes due to surface waves traveling 
along the crack faces or that might be caused by the crack surface roughness. Now, let us 
consider the case of two small volumetric defects (2 mm diameter) located at the same places 
as the tips of the previous planar OSD. The Bscan image will mainly contain the mirror 
reflection echoes, the direct reflection echoes and the comer echoes. 
Figures 2a and 2c show the corresponding synthetic Bscan images predicted by the 
Mephisto simulator. The resulting segmented Bscan images (Figures 2b, 2d) for these two 
different situations have almost the same appearance, which may lead to dangerous 
misinterpretations. 
The same problem may occur for a surface-breaking crack or a planar defect that is 
very closed to the outer surface such that the strong corner echo tends to mask the direct lower 
tip echo. The corresponding Bscan image and the Bscan image containing the signature of a 
small volumetric OSD, after the segmentation operation, are also subjects to confusion. 
The problem of discrimination between planar type defects and volumetric type 
defects may be reduced to the problem of discrimination between tip diffraction echoes and 
reflection echoes generated by small volumetric defects. Segmented Bscan images do not 
contain information allowing the discrimination between these echoes. After the segmentation 
operation, the information contained into the original Bscan image is only partially conserved. 
An Ascan signal is replaced by a sequence containing few Kronecker delta pulses. Each of 
these pulses indicates the amplitude and the arrival time of an echo but information 
concerning its shape is lost. 
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Figure 2. a) Synthetic Bscan image containing the signature of a planar OSD; b) The 
corresponding segmented Bscan image; c) Synthetic Bscan image containing the signature of 
two small volumetric OSD's; d) The corresponding segmented Bscan image. 
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The following section deals with processing of Ascan signals in order to extract from 
them relevant characteristics on the type of OSD's. 
EXTRACTION OF USEFUL INFORMATION FROM ASCAN SIGNALS 
We define a parametric model associated to the echoes formation mechanism and we 
show that the influence of OSD's on the incident ultrasonic wavelet can be modeled by using a 
linear time-invariant (LTI) system. The impulse response of this LTI system is described by a 
parametric function that is derived from our parametric model and which we called the Virtual 
Scatterer Sequence (VSS). In this context, a scatterer (i. e., a constituent element of the VSS) 
is a virtual notion that allows to explain, in a general way, the echoes formation mechanism. A 
parameter set containing amplitudes, relative phases and arrival times, is associated to virtual 
scatterers of a VSS for simulating the different echoes composing an Ascan signal and that 
may be generated by an OSD : reflection, diffraction and "corner effect" echoes. The VSS 
concentrates valuable information about the defect relative to the transducer position. So, 
given an observed Ascan signal, we are interested to find out the corresponding VSS. Then, 
we may use the information provided by the restored VSS, in order to discriminate between 
dangerous planar defects that jeopardize the integrity of materials and volumetric defects that 
do not. 
Modeling Ascan signals 
Generally, incident ultrasonic wavelets are Gaussian amplitude modulated sinusoidal 
carriers of arbitrary phases. For this particular shape, the first and the second derivatives of a 
incident ultrasonic wavelet may be approximated by its 90° phase shift and 1800 phase shift 
replicas, respectively. Therefore, according with some remarks concerning the physical 
interaction between the incident ultrasonic wavelet and the defects [4-7], we consider that an 
Ascan signal, may be described as a weighted sum of few delayed and phase-shifted replicas 
of the ultrasonic incident wavelet s(t). We can express this mathematically as : 
M 
y(tn) = Lam exp(jCjlm)s(t1l - 'tm) + n(tn)' n = 1, ... , N (I) 
m=! 
where M is the number of constituent echoes, am' Cjlm and 'tm are the amplitude, relative 
phase (phase shift compared to the incident wavelet) and arrival time of the mtl! echo; n(.) is a 
complex zero-mean white noise. We use analytic notation here (the sign "-" denotes analytic 
signal) with understanding that the observed Ascan signal is considered to be the real part of 
the discrete analytic Ascan signal y(.). Given an observed Ascan signal, we are interested to 
estimate the parameters of its constituent echoes. 
Parameter Estimation 
Using vector notation, equation (1) may be written more compactly as: 
y = SCi}a<p + n (2) 
where y = [y(td, .. , y(t N )JT is the discrete analytic Ascan signal, SeT) is a NxM matrix: 
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(3) 
T = [" 1 , .. , " M ] T is the vector of arrival times, a<p = [a1 exp(jep1), .. ,a M exp(jep M )] T is the 
vector of complex scaling parameters and n = [nUl ), ... ,net N )]T is the noise vector. 
Let us consider that the number of echoes M and the incident wavelet s(t) (e.g., a 
normalized corner echo) are known. Least Squares approach for estimating parameter vectors 
T and a<p requires the solution to the nonlinear least squares problem: 
(4) 
where (.)H indicates complex conjugate transpose. Direct minimization of this criterion, that 
is highly nonlinear in the unknown model parameters, requires a computationally expensive 
multidimensional search. Since the elements of il<p are linearly entering parameters, for any 
given T, we can separately write the estimation of a<p as [8] : 
(5) 
where [S H (T)S(TW1 S H (T) is the so-called pseudo-inverse of the SCt). 
For a selected Ascan signal of the observed Bscan image, the vector T may be 
determined from the segmented Bscan image (see, for example, Figure 2b) and the vector of 
complex scaling parameters Ii<p (T) is found by the linear relationship (5). The phases and the 
amplitudes of the echoes composing the Ascan signal are then given by : <p = arg{a<p} and 
a = abs{a(jlCm)} ,respectively. 
Note: The segmentation operation yields a near-optimal estimate T that may be used 
as initialization point for an optimization algorithm that has to find out the global minimum of 
the criterion J(.). Because of its nonlinear nature, we prefer to minimize it by using a 
stochastic optimization algorithm (a version of the Simulated Annealing algorithm [9]). 
Representations of the information extracted from Ascan signals 
It is more convenient to represent the action of OSD's on the incident wavelet as a 
L TI system. The relation (I) can be rewritten as : 
(6) 
where the sign" * " denotes convolution product and where 
(7) 
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is a parametric function that approximates the impulse response of the system relative to the 
transducer position. Here 8(t) is the analytic signal associated to the Kronecker delta 
function. Given the estimated parameter vectors T and 3cp and expression (7), we may 
display the VSS, that concentrates valuable information on OSD. Another useful 
representation of the information extracted from an Ascan signal may be obtained by 
displaying the relative phases of the echoes as a function of their arrival times: (<r(m) , T(m» , 
m = I, .. , M . We call it the Estimated Phases Diagram (EPD). 
ANAL YSIS AND INTERPRETATION OF VSS'S AND EPD'S 
Theoretical studies of the interaction between an ultrasonic beam and planar defects 
have been widely carried out and shown that the upper and lower tip diffraction echoes are 
characterized by phase inversion [4]. In other words, the measurement of 1800 phase shift 
between these two echoes proves the plane nature of the defect that has generated them. 
Note: Conversely, it is important to underscore that a lack of phase inversion 
between the signals of two superimposed echoes along the depth axis is not necessarily an 
evidence that the defect is volumetric (diffraction effect on a planar defect could miss if the 
geometry of the tips are not favorable) . 
Figure 3 shows the estimation results for two simulated Ascan signals generated by a 
planar OSD and two small volumetric defects. The positions of these two Ascan signals are 
indicate by dashed lines in Figures 2a and 2c, respectively. The estimated VSS's and EPD's 
allow for the discrimination between the tip diffraction echoes (L\<p == 180" ) and the reflection 
echoes (L\<p == 0°). For both Ascan signals, the incident wavelet s(t) employed by the 
estimation method is a normalized corner echo. 
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Figure 3. Extraction of relevant characteristics on the type of OSD's from Ascan signals. 
820 
In the case of the planar OSO, the corresponding VSS allows to observe not only the 
phase inversion between the tip diffraction echoes but also that they are derivatives with 
respect to time of the corner echo. Moreover, the reflection echoes generated by small defects 
are derivatives of the tip diffraction echoes and second derivatives of the corner echoes. We 
have thus obtained results which verify the theory [4-7]. 
EXPERIMENTAL RESULTS 
In this section, we illustrate the application of the proposed two-step inverse 
procedure for interpreting an experimental Bscan image, result of an in site acquisition. 
In a first step, under hypothesis of a planar OSO, we determine the geometrical 
parameters of this defect by using the iterative equivalent crack-like OSO sizing method 
proposed in [1]. The determined parameters of the assumed crack-like OSO are as follows: 
high == 12 mm, ligament == 21 mm (we call ligament the distance between the lower tip of the 
defect and the outer surface), orientation == 40 • The superposition of the synthetic (predicted by 
the Mephisto simulator for this planar OSO) and the experimental segmented Bscan images 
allows to identify some relevant indications of the observed Bscan image (see Figure 4a). 
In a second step, in order to verify the hypothesis on the type of the OSO, we 
estimate the corresponding VSS's from two selected Ascan signals (the dashed lines) that 
belong to the relevant indications detected at the first step. The estimated VSS's allow for the 
observation of the diffraction effect for both selected Ascan signals. This proves the plane 
nature of the OSO and confirm the initial hypothesis. 
Observed/Synthetic 
segmented B Ca n images 
Observed Bscan image 
'" t~I~/ L. ____ ~"":------' = '~":" .. :'. 
Mirror ti ps . : .. .. Direct tips 
Observed/Synthetic A can diffraction '.:.... diffraction 
+NF0::'+ 
c) d) 
Figure 4. a) Observed/Synthetic segmented Bscan images; b) Observed Bscan image; 
c) Information-bearing selected Ascan signals/Synthetic Ascan signals; d) Corresponding 
VSS's : direct and mirror tips diffraction. corner effect. 
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CONCLUSIONS 
This paper deals with the problem of ultrasonic Bscan images analysis and interpretation 
by means of a two-step inverse procedure. Our objectives are to determine the type of OSD's 
and their geometrical parameters. The framework of this problem is broken down into 
essentially two levels. At the first level, it is assumed that the OSD to be characterized is a 
planar type one and the problem consists of determining its parameters, given the Bscan 
image. To this aim, we use an ultrasonic equivalent crack-like OS D's sizing model-based 
method. The model to be used for this sizing method is an adapted version of the Mephisto 
simulator developed at the French Atomic Energy Commission. To avoid the ill-posed 
character of equivalent OSD's sizing problem, reduce operational requirements and take into 
account the limits of our direct model, segmented Bscan images are used as concentrated 
representations of the useful information contained into original observed Bscan images. After 
the segmentation of the Bscan images, the information on the type of OSD's is lost. Therefore, 
we propose a parameter estimation method for extracting relevant characteristics on the type 
of OSD 's from some selected information-bearing Ascan signals of the observed Bscan 
image. To this aim, we define and employ a parametric model associated to the echoes 
formation mechanism. We describe how the characteristics extracted from Ascan signals may 
be used to verify the initial hypothesis on the planar nature of OSD's. 
REFERENCES 
1. M. Faur, O. Roy, Ph. Benoist and Ph. Morisseau, in Review of Progress in QNDE, Vol. 
16, eds. D. O. Thompson and D. E. Chimenti, (Plenum, New-York, 1997), p. 61. 
2. P. Calmon and O. Roy, in Review ofProgr. in QNDE, Vol. 13, op. cit. (1994), p. 101. 
3. Ph. Benoist, N. Chapuis, F. Cartier and G. Pincemaille, in Proc. of the J J'h Inter. ConI on 
NDE in the Nuclear and Pressure Vessel Industries, 1993, p. 235. 
4. D. De Vadder and M. Dosso, in Proc. of the 3rd European Con! on NDT, Tome 5, 1984, 
p. 362 [in French]. 
5. P. Lasaygues, "Etude de I'echo d'une fissure. Traitement de signaux par transformation en 
ondelettes en controle non destructif", These de l'Universite d'Aix Marseille II, 1992 [in 
French]. 
6. A. Lhemery, "Emission et reception des ondes ultras on ores transitoires apres diffusion sur 
une cible de frome quelconque dans un millieu fluide", These de I'Universite du Maine, 
1990 [in French]. 
7. P. M. Morse, K. U. Ingard, Theoretical Acoustics, (Mc Graw-Hill Book Comp., 1968). 
8. W. H. Lawton and E. A. Sylvestre, in Technometrics, Vol. 13,1971, p. 461. 
9. P. J. M. Van Laarhoven and E. H. L. Aaarts, Simulated annealing: theory and 
applications (D. Reidel Publishing Company, 1987). 
822 
